In this project, nanocrystalline SnO 2 powders were successfully prepared by (a) citrate sol-gel and (b) direct precipitation methods.
Introduction
, is one of the most widely used semiconductor oxides. It can be used as transparent electrodes for solar cells, liquid crystal displays, catalysts for methanol conversion and CO/O 2 , CO/NO reaction in the control of noxious emissions, transistors, catalyst supports, nano and ultra-filtration membranes and anticorrosion coatings [1] [2] [3] [4] [5] [6] [7] . More recently, attention has been paid to its potential use as anode for lithium-ion batteries because of its high gravimetric and volumetric capacity which increases with using very fine particles [8] . The most important use is for gas sensors. The sensing properties of SnO 2 sensors depend on several factors, mainly crystallite size and specific surface area [7] .
The microstructure of materials depends upon the method of preparation. Tin oxide nanoparticles were prepared by many different methods, such as hydrothermal [6] , precipitation [9] , solvothermal [10] , sol-gel [11] , gel-combustion [12] , spray pyrolysis [13] , polymerized complex [14] and amorphous citrate [15] methods.
SnO 2 nanocrystals were synthesized by a precipitation process [16] . The samples were characterized by means of X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM) energy-dispersive X-ray spectra (EDS) and X-ray photoelectron spectroscopy (XPS). The influence of calcination temperature on SnO 2 was investigated.
Bose et al. [1] synthesized nanocrystalline tin(IV) oxide (SnO 2 ) by chemical precipitation method. The nanoparticles are of 5-20 nm in size as observed by transmission electron microscopy (TEM). The electrical properties of the consolidated nano-structured SnO 2 are studied using an impedance spectroscopic technique.
Li et al. [17] have synthesized tin oxide nanocrystals by two-step solid-state reactions. In the first step, the SnO fine particles are synthesized from the reaction of SnCl 2 ·2H 2 O precursor with KOH. Then the fine particles are oxidized into nano-sized SnO 2 crystals with O 2 . The prepared SnO 2 -based gas sensors have an excellent ability of discriminating ethanol from gasoline.
Fraigi et al. [12] prepared nanocrystalline SnO 2 powders by means of a nitrate-citrate gel-combustion process. Specific surface areas were measured by BET method and particle sizes calculated from these values were in the range 20-35 nm. The morphology of these nanostructured powders was analyzed by SEM and FT-IR.
Very fine SnO 2 powders were produced by (a) slow and (b) forced hydrolysis of aqueous SnCl 4 solutions and (c) hydrolysis of tin(IV)-isopropoxide dissolved in isopropanol (sol-gel route) and then characterized by XRD, FT-IR and laser Raman spectroscopies, TEM and BET [6] . The results revealed the formation of the cassiterite structure in the nanometric range.
SnO 2 nanocrystals were synthesized by heating the mixture of tin, sulfur and ammonium chloride in air at 400°C [18] . The phase, size and purity of the resultant products were characterized using XRD, filed emission scanning electronic microscope and EDS.
Thin films of tin(IV) oxide have been grown by using a simple and economical spray pyrolysis technique [19] . XRD studies reveal that the material deposited is polycrystalline SnO 2 having primitive tetragonal structure. The lattice parameters, grain size, microstrain and dislocation densities were calculated. The resistivity and the carrier concentration were calculated from electrical measurements.
SnO 2 nanoparticles were prepared by citric acid assisted hydrothermal process [20] . Based on XRD and TEM, the crystalline grain size of SnO 2 was 6.0 nm. [22] . The average size of the crystallites was 2-3 nm and was not affected by the dopant. XRD showed that the growth of SnO 2 crystallites on heating was found to become clearly evident at about 400°C and it was lowered by the addition of dopants.
With Al-doped SnO 2 composites as the active anode material in lithium-ion batteries, the best electrochemical performance is achieved for 10% Al-containing SnO 2 prepared from citrate precursors, and the electrochemical performance of this material is strongly influenced by the precursor and thermal treatment [23] . Al-doped SnO 2 films were prepared by a rheotaxial growth thermal oxidation method. The effects of quenching in air and vacuum on the conductivity of the films have been examined [24] .
Saha et al. [25] reported that the alumina, even without entering the lattice of SnO 2 , can improve the sensitivity of SnO 2 sensors.
Al-Angary et al. [26] Jin et al. [27] employed a hydrothermal method to prepare Al-doped SnO 2 powders, and the influences of the hydrothermal reaction time, the molar ratio of Sn to Al as well as the pH value of the solution on the particle size have been studied.
O'Dell et al. [28] characterized sol-gel-prepared nanocrystalline SnO 2 , in its pure form and with silica and alumina pinning phases, by magic angle spinning nuclear magnetic resonance (MAS NMR). An orthorhombic phase other than the cassiterite phase was observed. The alumina pinning particles are found to be less successful in restricting nanocrystal growth than the silica particles due to its aggregation during heat treatment.
Chadwick et al. [29] used SiO 2 in preventing the grain growth of SnO 2 nanoparticles. It was found that, SiO 2 was infiltrated between the principal SnO 2 nanoparticles, acting as a brake on grain growth at elevated temperature.
Al-SnO 2 nanoparticles have been successfully synthesized by a co-precipitation route in water-in-oil microemulsion [30] . The as-synthesized products were characterized with FT-IR, XRD, EDS and TEM. The results show that the particle size for sample calcined at 600°C is below 10 nm, while in pure SnO 2 is over 15 nm.
In this project, nano-sized SnO 2 was successfully prepared through two different wet chemical methods. The produced nano particles were characterized using thermal analysis techniques (DTA-TG-DSC), XRD, TEM, surface area (BET) and ac electrical conductivity measurements. The aim of the present work is to improve the properties of SnO 2 through studying of its grain growth restriction, on calcination at high temperatures, by doping with Al 2 O 3 . HNO 3 was carefully added to a mixture of 3 g of granulated tin and 10 g of citric acid until a clear solution was obtained. Ammonium hydroxide was then added drop-wisewith vigorous stirring until a pH value of 8 was reached (at this pH the complexation reactions between metal ions and citric acid can occur). The obtained solution was refluxed at 100ºC for 2 h. During refluxing the solution slowly turned into a turbid colloidal solution. After cooling down, the sol was collected from the solution by centrifugation and washed several times with water.
Experimental Procedure

Direct precipitation method using tin chloride
An adequate amount of ammonium hydroxide is added slowly, with vigorous stirring, to an aqueous solution of SnCl 4 •5H 2 O till complete precipitation. The resultant white precipitate was filtered, washed many times with distilled water until chloride ion free, dried and finally calcined at different temperatures for 2 h.
The obtained powder, using above two methods, without any further calcination will be given the name; as prepared sample. After drying in an electrical oven, the obtained samples were ground in a mortar, and finally calcined in a muffle furnace at 300, 400, 500, 600, 700, 800 and 900ºC for 1 h.
Preparation of nanocrystalline SnO 2 with alumina
A homogeneous mixture of nanocrystalline tin oxide, prepared either by citrate sol-gel or direct precipitation methods with alumina was prepared. 5 g of nanocrystalline tin oxide was mixed with 5 mL of dried propanol. This was undertaken in a glove box. 0.75 mL of aluminium tri-sec-butoxide (Al[C 2 H 5 CH(CH 3 )O] 3 ) was then added to the mixture. The mixture was then vigorously stirred, removed from the glove box and distilled water was added to hydrolyse the alkoxide. The water and alcohol were decanted off and the samples were dried overnight at 100°C. The samples were estimated to contain nominally 3% by weight of Al 2 O 3 (equivalent to 5% by volume). The obtained samples were then calcined in a muffle furnace at 500, 700 and 900°C for 1hr.
Characterization techniques
Thermal analysis experiments including differential thermal analysis (DTA) and thermogravimetry (TG) were carried out using a Shimadzu DT-60 thermal analyzer. The experiment was performed in a dynamic atmosphere of air (30 mL min -1 ) up to 1100ºC at a heating rate of 10ºC min -1 using a sample mass of 10 mg. Highly sintered α-Al 2 O 3 powder was used as the reference material for DTA measurement.
Differential scanning calorimetry (DSC) measurement was carried out using a Pyris 1 DSC analyzer under nitrogen atmosphere and at a heating rate of 5ºC min -1 . X-ray powder diffraction (XRD) was carried out at ambient temperature using a model PW 1710 Philips diffractometer with monochromated CuK α1 radiation (λ = 1.5406 Å) at 40 kV and 60 mA, by scanning at 5º (2Ө) min -1 . The lattice parameters were obtained by a least-squares refinement. The average crystallite size of SnO 2 particles was calculated from the half-height line broadening by applying the Scherrer formula [31] .
The morphology of the nanocrystallites was observed by transmission electron microscopy (TEM) with a JEOL 2000X instrument. A small amount of powder was dispersed in doubly distilled water using an ultrasound bath. A drop of this dispersion was put onto a copper grid previously coated with a thin film of organic polymer.
The specific surface area of the nanocrystallites was measured with a Micromeritics ASAP 2010 analyzer using the multipoint Brunauer, Emmett and Teller (BET) adsorption method. The average grain size (d) of the SnO 2 particles was calculated from the formula d = 6/ρA; where ρ is the theoretical density of the material and A is the specific surface area of the powder [32] .
For electrical properties measurements, samples in a powdered form were compressed to pellets of 1 cm diameter and about 1 mm thickness. The pressure used was 2 tons cm −2 . The two surfaces of each one were polished and coated with silver paint and tested for Ohmic contact. The ac electrical conductivity (lnσ ac ) were measured using Hioki LCR high tester 3531 (Japan) at different temperatures as a function of frequency (500 Hz -1 MHz). The temperature of the samples was measured using K-type thermocouple with junction in contact with the sample to obtain the exact temperature with accuracy better than ±1°C.
Results and Discussion
Characterization of pure nanocrystalline
SnO 2 Fig. 1 shows the DTA-TG curves in air, at heating rate of 10ºC min -1 , for the as prepared sample using citric acid based sol-gel method. As the sample heated, the TG curve shows an immediate weight loss starts at about 30ºC. Two well-defined TG steps exhibiting a total weight loss of about 25% were obtained up to about 400ºC. The obtained DTA peaks were closely corresponding to the TG weight loss steps.
Thermal analysis studies
The first step showing a weight loss of 15% and is characterized by an endothermic DTA peak with peak temperature at 83ºC. This step can be attributed to the evaporation of free water.
In the second step the citrate and the nitrate ions contents start to decompose, giving a weight loss of 10% at complete decomposition. Two exothermic DTA peaks with peaks temperatures at 280 and 336ºC characterize this step, indicating that the decomposition proceeded through two steps, not resolvable in the TG curve.
For pure citric acid, the results of DTA and TG showed that the exothermic reaction takes place at about 500ºC accompanied with weight loss, corresponding to the decomposition reaction of the carboxyl group [33] . Also it was found that citrate gel without NO -3 ion, washed out with deionized water before gelation, did not exhibit auto-combustion behavior. Therefore, the lowering of the decomposition temperature may be attributed to the presence of nitrate ion in the gel. The exothermic peak in the DTA curve of nitrate-citrate gel corresponds to an autocatalytic anionic oxidation-reduction reaction between the nitrate and citrate system.
No successive changes were obtained by raising the temperature beyond 400ºC, which indicate the thermal stability of the obtained SnO 2 . Fig. 2 shows the DSC curve under nitrogen, at heating rate of 5ºC min -1 , for the as prepared sample using citric acid based sol-gel method. The observed sharp endothermic peak at 50ºC can be assigned, in agreement with DTA-TG results, to the volatilization of residual water in the sample. The following endothermic peak in the range 135-150ºC can be attributed to the melting of the dried gel powder. The absence of this peak in the DTA curve (which shows only one DTA peak in the range 40-170ºC) can be attributed to the overlapping of the melting and the water volatilization processes. The very broad endothermic DSC peak observed in the range 285-300ºC is due to the decomposition of the citrate and the NO 3-ions contents. Now, it is clear from comparing the DTA and DSC results that, the decomposition reaction in air is through two successive exothermic peaks (Fig. 1 ) while in nitrogen is through only one endothermic peak (Fig. 2) . The expected decomposition route for tin(II) hydroxide is [17] : Sn(OH) 2 → SnO (s) + H 2 O which means that the decomposition product is SnO. In air the oxidation of the formed SnO to SnO 2 proceeds according to the equation:
giving rise to a second exothermic DTA peak appear at 350ºC. While in nitrogen, this oxidation reaction cannot occur and no DSC peak was detected.
X-ray diffraction studies
The XRD spectra of the as-prepared SnO 2 sample, using citric acid based sol-gel method, and its respective annealed samples at different temperatures are shown in Fig. 3 . From the figure it is obvious that the growth of nanocrystals is evident even in the as-prepared sample. The peak positions in each sample agree well with the reflections of tetragonal single phase SnO 2 (cassiterite). It is also observed that broadening of the peak decreases , for the as prepared sample using citric acid based sol-gel method.
with increase of annealing temperature. At the same time, the peak intensity increases with annealing temperature. The average crystallite size, measured from the XRD line width (Table 1) , is found to increase from 3.1 nm for the as-prepared powder, to 22.3 nm on annealing the powder at 900ºC for 2 h.
XRD pattern of the as-prepared sample shows asymmetry, which is assigned to lattice strain [34] . The lattice strain is reduced when the sample is annealed above 500ºC.
The average crystallite sizes, and unit-cell parameters were calculated for all the samples and tabulated in Table 1 . From the table it is clear that, all the samples exhibit smaller cell volumes than that of bulk SnO 2 (V=71.55 Å 3 , JCPDS 41-1445) and increase with increasing heat treatment temperature, in other words, with increasing crystallite size. These results agree well with the conclusion that oxide nanoparticles exhibit a lattice expansion with the reduction in particle size [32] . Fig. 4 shows the XRD patterns of SnO 2 prepared through direct precipitation method using tin chloride and its respective calcined samples at different temperatures. All peaks show the same cassiterite structure with an exception for the uncalcined sample which shows an amorphous behavior. The widths of the peaks are comparatively narrower than the crystallites synthesized by the subsequent method at the same temperatures, revealing that nanoscale SnO 2 particles can also be synthesized by this method but with larger crystallite sizes ( Table 2 ). The broadness decreases continuously as calcination temperature increases, Figure 3 . XRD spectra of the as-prepared SnO 2 sample, using citric acid based sol-gel method, and its respective annealed samples at different temperatures.
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As-prep. which indicates crystallite size growth. The calculated unit-cell lattice parameters of the samples (Table 2) show a relatively larger cell volume than SnO 2 prepared through the citrate sol-gel method (Table 1) .
Surface area measurements
An independent analysis of the morphological features of the particles was performed by the classical BET procedure. Fig. 5 reports the N 2 adsorption/desorption isotherms obtained for calcined nanocrystalline SnO 2 , prepared using sol-gel and direct precipitation methods, at 500°C. BET specific surface areas, with the corresponding average grain sizes (d), are listed in [35] ) which does not show any limiting adsorption at high relative pressure. The second isotherm gave a very small hysteresis loop which suggests the presence of wide pores. Fig. 6 shows that the ac conductivity (lnσ) correlates to the reciprocal of absolute temperature (1000 T −1 ) for nanocrystalline SnO 2 , prepared by different methods and calcined at 500°C, in the frequency range from 500 Hz to 1 MHz. Both curves show common characteristics and are similar in shape. It can be noticed that, the conductivity increases with increasing temperature in a semiconducting way. The increase in the electrical conductivity by increasing temperature may be related to the increase in drift mobility of the thermally activated charge carriers (electron and hole) according to the hopping conduction mechanism. The decrease in the conductivity values, in the high temperature region, with increasing temperature is attributed to the large thermal energy which causes a large lattice vibration. The scattering of the charge carriers due to their collision with the vibrating lattice was expected to damp the mobility and decrease the conductivity.
Electrical conductivity measurements
From Fig. 6 , it can be concluded that the conductivity for both samples is frequency independent in the high temperature regions, while at low temperature its values changed with changing frequency. The increase in the conductivity by increasing frequency is attributed to the pumping force of the applied frequency that helps in transferring the charge carriers between the different localized states as well as liberating the trapped charges from the different trapping centers. Water molecules act as donor-contributing electrons to the oxide semiconductors. Thus, the surface adsorption of water causes electron injection which increases conductivity [36] . The larger the surface area, the greater the water adsorbed and consequently the higher conductivity. The higher the conductivity obtained for SnO 2 prepared by sol-gel method than that prepared using direct precipitation method (Fig. 5) can be attributed to the difference in their average crystallite size.
The hopping probability depends upon the activation energy, which is associated with the electrical energy barrier experienced by the electrons during hopping. The activation energies calculated from the slope of lnσ vs. inverse temperature were found to be 0.22 and 0.31 eV for SnO 2 prepared using sol-gel and direct precipitation methods, respectively. The dependence of the electrical conductivity on the activation energy shows a good correspondence, i.e., the minimum electrical conductivity corresponds to the maximum activation energy.
Characterization of nanocrystalline SnO 2 with alumina
In this part, the effect of alumina addition on the grain growth of nanocrystalline SnO 2 will be studied using XRD, TEM and surface area measurements. The addition of alumina is expected to restrict the grain growth of nanocrystalline SnO 2 even at high calcination temperatures. [30] . The only difference appeared between these diffraction patterns and that corresponding to the pure nanocrystalline SnO 2 are attributed to the peaks width. The XRD peaks of alumina doped samples are obviously broader and less sharper, which reveals smaller crystal sizes. Table 4 lists the crystallite sizes calculated assuming the Scherrer formula [31] for composites calcined at 500, 700 and 900°C. Comparing these results with that obtained for pure nanocrystalline SnO 2 (Table 1 and 2) reveals that, the crystal sizes of pure SnO 2 are about 1.5 time larger than that of alumina doped samples which suggests that the addition of Al 2 O 3 can effectively inhibit SnO 2 crystallites from further growing up in the process of calcination.
XRD studies
From all the above, it can be concluded that the pure nanocrystalline SnO 2 or its composite with alumina prepared with sol-gel technique gave smaller nano-sized crystallites, at different calcination temperatures, than that prepared through the direct precipitation method.
For both composites, this Al 2 O 3 coating is proved to effectively inhibit grain growth at high temperatures, decreasing the grain growth rate or, more specifically, the crystallite growth rate (determined by the Scherrer equation) by as illustrated in Fig. 7 . As can be seen, the Al 2 O 3 -SnO 2 powder exhibited a satisfactory stability against grain growth up to 900°C. (a)
Transmission electron microscopy
Fig . 8 shows the TEM images of SnO 2 nanocrystallites, synthesized either by sol-gel or direct precipitation methods, with alumina calcined at 900°C. The particles are more or less spherical in shape with a very narrow size distribution. The nanocrystallites are monodispersed and consist of a core of SnO 2 surrounded by a coating of alumina. The core is crystalline, whereas the coating is amorphous. The average core sizes are about 17.0 and 32.5 nm for nanocrystallites with alumina synthesized by sol-gel and direct precipitation methods, respectively. The thickness of the amorphous coating is about 3.0 nm in Fig. 8a and not completely obvious in Fig. 8b . The centre of the core particles is darker than their outer regions. A similar behavior was obtained by Goncalves et al. [37] for ZrO 2 powder with Al 2 O 3 precursor generated by a polymeric precursor method in aqueous solution. They attributed this behavior to the weaker absorption of the electrons in the amorphous alumina layer when compared with the ZrO 2 kernel (difference in atomic number between aluminium and zirconium).
Surface area measurements
The evolution of the composite texture after different heat treatments is evidenced by changes of the N 2 adsorption-desorption isotherms shown in Fig. 9 . The figure shows the isotherms of coated SnO 2 as a function of the heat treatment. The curves of alumina coated nanocrystallites synthesized through the sol-gel method, calcined at 500°C (Fig. 9a) , show the trend typical of mesoporous materials with a large hysteresis loop in the capillary condensation region. The shape of the hysteresis loop is of the H 2 type, and can be associated with bottle-neck shaped pores [38] . On the other hand, the other isotherms exhibit hysteresis loop of H 3 type.
The calculated surface area was found to decrease with temperature increases (Table 4) , however, the values observed for the coated materials are predominantly higher than for the uncoated materials (Tables 3 and 4 ). These observations corroborate the data derived from studies of crystallites sizes, which presents finer particles in Al 2 O 3 -SnO 2 than in pure SnO 2 , most likely due to the effective role of Al 2 O 3 additive as a grain growth inhibitor for the matrix grains.
The highest surface area was obtained for the alumina coated nanocrystalline prepared using the solgel method. By comparing grain and crystallite sizes (Table 4 ) it can be seen that both coated nanocrystalline, presented a low degree of agglomeration which can be attributed to the coating effect of alumina.
Conclusion
The citrate sol-gel and direct precipitation methods have been successfully employed to prepare pure and alumina doped SnO 2 nanoparticles. The particle size of pure SnO 2 is by far larger than that of doped nanoparticles, revealing that the introduction of Al 2 O 3 can effectively prevent SnO 2 from further growing in the process of calcination. These results suggest that alumina segregates at the interfaces between the ceramic grains during the sintering process and acts as a diffusion barrier inhibiting grain growth. This behavior is essential when physical properties depend strongly on the size of the particles. The nanocoating based on coreshell structures offers great potential for new applications.
